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Abstract
Experiments to investigate the photon-induced ﬁssion of actinide nuclei at excitation energies in the vicinity of
the ﬁssion barrier are carried out at the superconducting Darmstadt linear electron accelerator S-DALINAC. A twin-
Frisch-grid ionization chamber is used to deduce mass, total kinetic energy, and angular distributions of the ﬁssion
fragments. First experiments on 238U and 234U have shown that the experimental setup provides excellent conditions
for investigating low-energy bremsstrahlung induced ﬁssion. Further experiments on 234U and 232Th are currently in
progress. In this contribution results from the ﬁrst experiment on ﬁssion fragment mass and total kinetic energy distri-
butions from 234,238U are presented along with preliminary data from an on-going investigation of angular distributions
from 234U(γ, f ).
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1. Introduction
In this contribution studies of the ﬁssion fragment characteristics from (γ, f ) reactions on 238U and 234U at exci-
tation energies in the barrier region are discussed. The results are interpreted in terms of ﬁssion modes [1]. From a
theoretical point of view, ﬁssion modes are understood as pathways in the multidimensional ﬁssion-barrier landscape.
Each pathway leads to diﬀerent characteristic shapes of the nucleus at scission, thereby also to diﬀerent characteristic
masses and kinetic energies of the fragments. The use of electromagnetic probes to study the ﬁssion process oﬀers
some principle advantages over the hadron-induced reaction. Low-energy photon absorption populates states mainly
through electric dipole excitations and to lesser extent magnetic dipole and electric quadrupole. Hadronic excitation
spectra are generally more complex. In addition, nuclei that are diﬃcult to investigate with neutrons, due to the
instability of the target, may be accessible with photons.
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2. Experimental setup
The experiments were performed at the superconducting injector linac of the S-DALINAC [2], which delivers an
electron beam of up to 10 MeV at a current of up to 60 μA. The electron beam is incident on a radiator, consisting
of four copper sheets [3]. The bremsstrahlung passes a copper collimator and then reaches the ﬁssion target placed
inside the ﬁssion fragment detector.
2.1. Fission fragment detector
The ﬁssion fragment detector was a twin-Frisch-grid ionization chamber (FGIC). The detector is schematically
illustrated in Fig. 1 and consists of two ionization chambers which are placed back-to-back on a common cathode.
The target, consisting of UF4 evaporated onto a 50 μg/cm2 gold foil supported by a 35 μg/cm2 polyimide backing is
placed in a hole in the common cathode. A continuous ﬂow of P-10 (90% Ar + 10% CH4) acts as counting gas. The
thin target allows the coincident detection of both ﬁssion fragments in an almost 4π solid angle. Multiple scattering
and energy straggling deteriorates the energy and angular resolution at large emission angles. Hence, a cut-oﬀ angle
needs to be introduced in the analysis of the data. The ﬁssion fragment angular distribution in low-energy photoﬁssion
of actinide nuclei has a minimum at θ = 0◦ [4]. In order to maximize the yield in the angular cone of accepted events
the chamber was therefore tilted 45◦ relative to the photon beam axis. The symmetry around the beam axis is thereby
lost, and the obtained angular distribution is not the physically relevant one.
Figure 1: Schematic illustration of the ﬁssion fragment detector. The bremsstrahlung was incident at an angle of 45
◦
relative to the target normal.
The target was located in a hole in the center of the cathode and consisted of UF4 on polyimide and gold backing.
3. Data analysis
3.1. Bremsstrahlung
The main problem when utilizing bremsstrahlung in photoﬁssion experiments is that of limited excitation energy
resolution. For an electron beam energy E0 an average excitation energy of the compound nucleus is calculated as
〈Ex〉 =
∫ E0
0 N(E, E0)σ(E)EdE∫ E0
0 N(E, E0)σ(E)dE
, (1)
The photon ﬂux N(E, E0) was found by Monte-Carlo simulations using the software package GEANT4 [5], the
photoﬁssion cross section was taken from ref. [6].
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3.2. Fission framgent emission angle
The ﬁssion fragment emission angle θ is determined from the drift time of ionization electrons [7]. As a ﬁssion
fragment is stopped in the counting gas of the FGIC, a track of electrons and positive ions are left in its path. The
electrons proceed to drift in the opposite direction of the electric ﬁeld towards the anode. This drift induces a signal
on the cathode, which serves as a start of the drift-time measurement. The anode, which is shielded by the Frisch grid,
generates a signal only after electrons start to pass the grid. This serves as a stop for the time measurement. The time
diﬀerence between start and stop signal is then given by
T =
D − R cos θ
ve
, (2)
where D is the distance between the cathode and grid electrodes, R the range of the ﬁssion fragment and ve the drift
velocity of electrons in the counting gas. The range is a function of the fragment kinetic energy, mass and charge.
Since these quantities are closely related for the ﬁssion fragments, the range can be approximated to be a function of
the detected anode pulse height only. Due to amplitude walk in the triggering of the signals the measured drift time
for cos θ = 0 also shows a pulse-height dependence. To ﬁnd cos θ the drift time distribution is scaled between the
minimum and maximum drift time determined as a function of detected anode pulse height, as illustrated in Fig. 2.
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Figure 2: Logarithmic contour plot of the ﬁssion fragment yield as function of drift time and anode pulse height. The solid lines indicate the limits
of the distribution used to extract the emission angle.
3.3. Fragment mass and kinetic energy
The conservation of linear momentum with the approximation that the sum of the mass numbers A1,2 of the two
ﬁssion fragments equal the mass number Af of the ﬁssioning nucleus lead to the following relation
A2,1 = Af
E1,2
TKE
, (3)
where E1,2 are the ﬁssion fragments energies before evaporation of neutrons. Before energy calibration the registered
pulse-height data needs to be corrected for the Frisch-grid ineﬃciency [8, 9] and energy loss in the sample mate-
rial [10]. The information on the emission angle extracted from the drift time of ionization electrons allows both of
these corrections to be applied [7]. In the energy calibration the pulse-height defect (PHD) of the counting gas needs
to be taken into account. In this study the calibration was made using a parameterization of the PHD as suggested by
Ref. [11], with data on average fragment mass and total kinetic energy from Refs. [12, 13].
The evaporation of ν number of neutrons changes the fragment’s kinetic energy according to
Epre =
A
A − νEpost, (4)
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where the Epre and Epost refer to the fragment kinetic energy before and after neutron evaporation respectively. If ν is
known the fragment mass and kinetic energy can be found iteratively from eq. (3). The number of neutrons evaporated
by the ﬁssion fragment is found from the relation
ν(A, TKE) = ν¯(A) +
ν¯(A)
ν¯(A) + ν¯(Af − A) ·
〈TKE〉(A) − TKE
Esep
, (5)
where ν¯(A) is the average number of neutrons evaporated as a function of fragment mass, taken from Refs. [14, 15] and
TKE = E1+E2 is the total kinetic energy. The average total kinetic energy as function of fragment mass < TKE > (A)
is found from the data by neglecting the second term of Eq. (5) in a ﬁrst-order approximation.
4. Mass and TKE distributions: ﬁssion modes
Characteristic parameters of the mass and TKE distributions for 238U are presented in tab. 1. The results of this
investigation (for details see ref. [16]) are in good agreement with the earlier result from Ref. [12], also given in tab. 1,
conﬁrming the functionality of the experimental setup and treatment of the data.
Within the multi-modal-random-neck-rupture model the ﬁssion yield is parameterized by the sum of contribution
from diﬀerent ﬁssion modes. To determine the relative contribution of the modes a ﬁt of the fragment yield as function
of mass A and TKE to the expression
Y(A,TKE) =
w√
2πσA
exp
⎛⎜⎜⎜⎜⎝− (A − 〈A〉)2
2σ2A
⎞⎟⎟⎟⎟⎠
(
200
TKE
)2
exp
(− (L − lmax)2
(L − lmin) ldec
)
, (6)
is made. The parameter L represents the distance between the fragments charge centers at scission, and is related to
the TKE by the Coulomb repulsion of the newly formed fragments. Since the charges ZL, ZH of the fragments are
unknown in the experiment, the approximation of conserved proton to neutron ratio of the ﬁssioning nucleus is used
to relate them to the fragment mass numbers AL, AH
L =
ZLZHe2
TKE
≈ ALAH(
ZF
AF
)2e2
TKE
. (7)
In the analysis only the two standard modes were considered. The contribution of the mass-symmetric SL mode was
found to be below the uncertainty of the ﬁt. On the left hand side of Fig. 3 the ﬁssion fragment yield as function
of mass number and TKE from 238U(γ, f ) at < Ex >= 7.06 MeV is plotted. The ellipse labeled SL indicates where
contribution from the SL mode is expected. Clearly some events are observed in this region, but the relative yield
inside the ellipse amount to only 0.3%. The right hand side of Fig. 3 shows the S1 mode weights resulting from the ﬁts
as a function of the average excitation energy of the compound nucleus. No strong dependence of the mode weight on
the excitation energy is observed, in either isotope. This supports theoretical predictions that the two standard modes
Table 1: Characteristic parameters of the measured total kinetic energy and mass distributions from photoﬁssion of 238U. The calculated average
excitation energy of the ﬁssioning nucleus is denoted by 〈Ex〉, and σEx stands for the standard deviation of the excitation energy. The mean
heavy fragment mass and the standard deviation of the mass peak are denoted by 〈AH〉 and σA, respectively. Results of Ref. [12] are included for
comparison.
E0 〈Ex〉 σEx 〈TKE〉 σTKE 〈AH〉 σA Ref.
(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)
6.5 5.93 0.31 170.13 ± 0.07 11.04 ± 0.05 139.31 ± 0.04 6.09 ± 0.03 this work
6.44 5.84 170.05 ± 0.50 11.04 ± 0.10 139.28 ± 0.05 6.06 ± 0.05 [12]
7.0 6.17 0.40 170.20 ± 0.09 11.02 ± 0.06 139.51 ± 0.05 6.16 ± 0.04 this work
7.33 6.23 170.12 ± 0.30 11.13 ± 0.10 139.37 ± 0.05 5.99 ± 0.05 [12]
8.5 7.06 0.84 170.50 ± 0.06 10.73 ± 0.04 139.76 ± 0.03 6.00 ± 0.02 this work
8.35 6.68 170.41 ± 0.30 11.02 ± 0.10 139.49 ± 0.05 6.09 ± 0.05 [12]
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bifurcate only after passing a common outer barrier [1]. Other calculations of potential energy landscapes [18, 19] and
model calculations to experimental data [17, 20, 21] point to a bifurcation in the shape-isomeric minimum, resulting
in diﬀerent outer barriers. Further insight into the question of common or separate outer barrier for the standard modes
might be found by studying mass and TKE dependence of the angular distribution of ﬁssion fragments. Comparing
the two isotopes, an increase in S1 mode weight from (13±3)% for 234U to (35±2)% is observed. Together with
results of other studies [17, 22, 23, 24] this suggests a correlation between the weight of the standard modes and the
neutron number of the compound nucleus. The eﬀect is not yet understood, but points to the importance of neutron
shell eﬀects on the potential energy landscape around the ﬁssion barrier.
Figure 3: Left: Contour plot of the ﬁssion fragment yield as function of fragment mass number and total kinetic energy. The Areas labeled S1, S2,
SL indicate where contributions from the respective ﬁssion mode is expected. Ellipses labelled S1 and S2 are contours at 67% of the maximum
yield of the respective component from Eq. 6 , while the ellipse SL was drawn using an assumed Gaussian distribution with theoretical predicted
average A and σTKE and experimentally observed average TKE and σA [14]. Right: Weights of the S1-mode as function of the average excitation
energy for the reaction 238U(γ, f ) from this study (full squares) and from Ref. [14]. (open squares), for 234U(γ, f ) from this study and for 233U(n, f )
from Ref. [26]
5. Angular distributions
Earlier investigations of photoﬁssion of 236U have revealed diﬀerent angular distributions for particular fragment
mass regions [25]. The experimental data were interpreted as a hint for a stronger coupling of E2 photoabsorption to
the S2 ﬁssion mode. Experiments at bremsstrahlung endpoint energies 9.0 and 6.4 MeV (corresponding to average
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Figure 4: Fragment angular distributions from photoﬁssion of 234U. The solid lines represent ﬁts of Eq.(8), to the interval indicated by full circles.
The distributions are normalized to
∫ π
0 W(θ) sin θdθ = 1.
170   A. Göök et al. /  Physics Procedia  31 ( 2012 )  165 – 170 
excitation energies 〈Ex〉 of 6.85 MeV and 5.58 MeV, respectively) to investigate fragment angular distributions of
particular mass and TKE in the photoﬁssion of 234U have recently been undertaken. To this end, the FGIC was
placed with the target orthogonal to the icident beam. The data is still under analysis. Preliminary results of the
angular distributions, summed over all masses and TKE, are shown in Fig. 4. The angular distributions determined
as described in Sect. 3.2 have been divided by an angular distribution determined for the alpha particle activity of
the sample to reduce experimental errors. The result is then parameterized by with the theoretically expected angular
distribution, given by the expression
W(θ) = A + B sin2 θ +C sin2 2θ. (8)
The coeﬃcients contain information on the cross sections of the contributing ﬁssion channels [4], A and B contain
both dipole and quadrupole contribution, while C is a pure quadrupole coeﬃcient. The observed angular distributions
of 234U(γ, f ) show dominating dipole pattern, but with non-negligible quadrupole contributions.
6. Outlook
Further Experiments are foreseen to validate the new angular distribution measurement on 234U, e.g. through the
known photoﬁssion of 232Th. Further insight into angular distributions and TKE distributions may be obtained in the
future with much increased luminosity for 238U using an active target [27]. This may even give access to investigating
enhancement eﬀects of parity violation expected for photon induced ﬁssion.
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